Exhaust gas recirculation (EGR) is one of the main techniques studied over the years to enable the use of oxyfuel combustion for carbon capture and storage (CCS). However, the use of recirculated streams with elevated carbon dioxide poses different challenges from the control of the flow rates and flue stream characteristics to the suppression of unwanted instabilities during the combustion process. Therefore, this study evaluates the use of various CO2 enriched methane blends and their response towards the formation of a great variety of structures that appear in swirling flows, which are the main mechanism for combustion control in current gas turbines systems. The study uses a 100kW acoustically excited swirlstabilised burner to investigate the flow field response. The results showed improved thermal efficiency of the system with high swirl and forcing while the blend of CO2 with methane balanced the heat release fluctuation with a corresponding reduction in the acoustic amplitudes of the system for a smooth running, suggesting that certain CO2 concentrations in the fuel can provide more stable flames at a certain carbon dioxide concentration.
Introduction
Most gas turbine systems run under lean conditions using swirling flows. Nevertheless, this injection and flow stabilisation technique is susceptible to combustion instabilities, self-excited combustion driven oscillations that appear as a result of the coupling between the unsteady heat release and the combustor's dynamic pressure [1] [2] [3] . The flow, flame and pressure fields are all synchronised such that a disturbance in one field spreads to other domains. These oscillations reduce the thermal efficiency of the system, wearing-out components and potentially liberating hot pieces into the flow stream in extreme cases.
Swirling flows are used as a standard technique to anchor the flame within the combustor [4] [5] . The swirl strength of the flow is characterised by the swirl number, S, which is given as, S =
Where G θ , G x , r are the axial flux of angular momentum, the axial flux of axial momentum and nozzle radius respectively [6] . Under moderate swirl conditions, a vortex breakdown, an abrupt change in the core of the vortex that due to baroclinic changes transitions from subcritical to supercritical conditions, appears in the flow field, eventually leading to the development of what is known as the Central Recirculation Zone (CRZ) [7] , one of many large-scale coherent structures in these flows. This recirculation zone is characterized by internal stagnation points and reversed flows, a mechanism which mixes the hot combustible gases with the incoming fresh mixture, thus providing flame anchorage and stability. Moreover, as the flow exits the injector, the velocity differential between the jet and ambient flow develops strong shear layers, where the large-scale coherent structures are generated and moved downstream due to the Kelvin-Helmholtz (K-H) instabilities [7] . These structures are convected to the flame field with the distortion of the flame front at a specific time delay resulting in the oscillation in heat release rate, critical determinant of the dynamic pressure oscillations within the combustor. Thus the swirl number has a substantial control on the flow, flame and pressure fields.
If that was not enough, external excitation also influences the flow profile. For example, forcing of the flow as a consequence of vibrations in the feeding lines, can or structural components can also alter flame behaviour and retro-feeding of heat released towards the flame. In order to study these effects, many studies have been conducted on the area of thermoacoustic combustion. One example is depicted by the work of Cohem and Hibsman, who with a discrete sinusoidal frequency managed to change the injection patterns on a swirl injector, with corresponding periodic oscillations of the mass flow rate that were calculated as given in equation (2) , [8] .
(2) where 0 denotes the forcing frequency and ̇0, the mean mass flow. The flow and flame oscillation frequencies are sometimes assumed to be same as the forcing frequency [9] . Thus the excitation of the flow field oscilates the mass flow and varies the velocity profiles which are consequenly convected to the flame field, with attendant flame heat release oscillations.
Finally, heat release fluctuations are also affected by the chemical time scale as a result of fuel composition. Modern gas turbines use natural gas due to the issue of efficiency, cost, and environmental attributes. However, techniques such as Carbon Capture and Storage (CCS) via Exhaust gas recirculation (EGR) for Oxyfuel combustion require blending of natural gas with unconventional gases such as carbon dioxide [10] . These blends change the chemical kinetics of the base fuel (normally natural gas), with corresponding effects on the heat release fluctuations. Although the addition of CO2 to methane reduces the turbulent flame speed and flame temperature, it also reduces NOx formation [11] . The general view is that CH4/air-CO2 flame has a reduced flame temperature compared to the CH4/air flame with corresponding effects on the strain rate. According to Park et al. [12] the addition of CO2 to methane-air gives a diluent effects due to the relative reduction in the concentrations of the reactive species and direct chemical effects as a result of the breakdown of CO2 through the reactions of third-body collision and thermal dissociation. Also, the heat capacity of CO2 and its absorption coefficient is quite high, which could alter the flame axial velocity gradient. Lewis et al. [13] experimentally demonstrated the decrease in the high momentum flow region (HMFR) velocity and increased central recirculation zone velocity with methane -CO2 blends due to the high specific heat of CO2 which increases the pressure differential and drives recirculation. Also, Røkke [14] experimentally showed the reduction in NOx formation with methane -CO2 blends due to the reduced temperature, while combustion stability limits were largely dependent on the mass-based additive to fuel ratio. Thus these characteristics of CO2 are expected to have substantial effects on the flame heat release fluctuation when blended with methane.
Regarding thermoaocustic instabilities, many studies model flames as a transfer function between the heat release fluctuation and the input velocity fluctuation of the flow field, equation 3 [15] , while this model has been used to predict acoustic-based combustion instabilities within the combustor [16] ,
Where ′ and ′ are the instantaneous heat release and velocity while ̅ and ̅ are their mean values respectively.
However, while variation in the swirl strength and flow excitation is expected to alter the flow matrix with the corresponding variation in the convective time scale, the blend of methane with CO2 is expected to vary the chemical time scale with an overall effect on the flame heat release fluctuation and pressure dynamics within the combustor, thus altering the effect on the flame transfer functions. These parameters have not been investigated yet. Moreover, the change in heat release, density and impact from the change of fuel blend will also affect the formation of coherent structures essential for stabilisation of the flow field, topic that has not been addressed yet by the current literature. Hence, this work attempts to provide answers to these questions.
Method
A 100kW acoustically excited swirl-stabilised burner, Figure 1 , was used for this experiment. A WS13E -8 Ohm Visaton loudspeaker is positioned for the excitation of the flow field. Above the loudspeaker's diaphragm are two inlet tubes of 40mm diameter each, set opposite to each other to supply air to the plenum. A honeycomb is positioned in the chamber 66mm from the air supply to straighten the flow and remove largescale perturbation of the flow stream. Two swirlers of four and nine vanes with a swirl number of 1.05 and 1.50, respectively, were used to vary the swirl strength of the flow. The flow field was confined with an 84mm internal diameter and 400mm long tapped quartz tube with 35mm diameter exit and 40mm tapered length. The loudspeaker was excited with a sinusoidal signal, generated by a TG503 5MHz Thandar signal generator, and the forcing frequency was kept at a range of 100 to 500Hz with intervals of 50Hz. Flow dynamics were measured under isothermal conditions using a mass flow rate of 2.44 g/s and an inlet pressure of 1bar. The flow field domain spans from the centre zero flow axis with a radius (R) of 23mm in the horizontal axis and a vertical distance of 54 mm with 2mm step. The velocity fluctuation of the flow field was measured using a Flowlite Dantec Laser Doppler Anemometer (LDA), with a dedicated Windows Software Package-BSA Flow Software for data acquisition. The measurement matrix was designed to measure 621 points. In each case, the seeding particles, i.e. aluminium oxide, was kept at 10000 counts, which was far above the minimum accuracy level of 2000. An intrusive Constant Temperature Anemometer CTA, with Stream Ware, a Windowsbased software, was also used to measure the flow velocity profiles to validate the measurement from the LDA, providing a deviation between techniques of 3.2%.
During combustion, high-speed CH* chemiluminescence intensities of the flame were captured and reconstructed quantitatively as the basis for the evaluation of the flame heat release oscillation. A Photron Fastcam APX-RS high-speed camera operating at 1000 frames/s with a 105 mm, 1:2.8 Nikon lens was used to measure the CH* chemiluminescence of the flame. The intensity of the weak chemiluminescence from the flame was enhanced by a Hamamatsu intensifier. Experiments were run for different fuel conditions (CH4, CH4-15%CO2, CH4-20%CO2 and CH4-30%CO2), each with a fuel flow rate of 0.113 to 0.122g/s, with the flow rates continuously varied to maintain an equivalent ratio of 0.7.
Result and Discussions

Coherent structures variations
Figures 2 shows the mean velocity profile of the flow field at different swirl strength, i.e. 1.05 and 1.50 without excitation. It is clear tat the higher swirl number leads to an increase in the length and width of the CRZ, which encroaches slightly into the HMFR. This enlargement of the CRZ implies an increase in mass of the gas mixture being recirculated, with resultant effects of enhanced mixing during combustion. This is a phenomenon well documented in literature. However, as forcing was imposed, the flow field suffered variations and the CRZ structure showed distorted patterns, Figure 3 . Specifically, the shape of the CRZ is stretched and elongated while the lowest negative velocity is drawn upstream into the nozzle annulus. This change in the size of the CRZ causes a corresponding variation in the shear layers, while the highest mean velocity profiles become fragmented into separate regions. With an increase in the forcing frequency to 200Hz, the CRZ is further elongated downstream of the flow while the fragmented structures of the HMFR become more irregular in shape. Thus with a fix swirl strength, the excitation of the flow field changes the recirculation zone with its inherent interaction with the HMFR, which are critical to the convective time scale of the flame field, thus directly affecting the stability of the flame.
Combustion patternsfuel dependancy
Having demonstrated the effects of the variation of the swirl strength and excitation on the flow structures, corresponding effects on the heat release fluctuation with different fuels were examined. Figure 4 shows the heat release oscillations of the medium, 1.05 swirl using the 2 different blends. Comparing the profiles, a significant change is observed between them. It is clear that the use of pure methane denotes higher fluctuations at any given flowrate. Increasing CO2 to 15% considerably decreases these heat release fluctuations, leading to greater stability. 
Acoustic mode dynamics with different CO2 concentration and forcing conditions
The natural acoustic mode of the flame confined with a 400mm length and 84mm diameter cylindrical combustor with the end open to the atmosphere was obtained at 150Hz. Figure 5 plots the amplitudes of the forced and natural acoustic modes against the excitation frequency for a swirl number of 1.05 and three fuel compositions at a velocity ratio of 0.3 and 0.4. CO2 at 30% was not assessed due to its bad performance. Results show a considerable reduction in the acoustic amplitude as a result of the fuel blending with CO2.
Therefore the physical and the thermodynamic properties of CO2 have played an important role in reducing the heat release fluctuation. The acoustic amplitude reduction was very effective at a low CO2 percentages (~15%) under moderate swirl strength (1.05). This combination of parameters needs to be evaluated at higher flowrates and pressures representative of gas turbine systems. 
Conclusion
The resultant effects of swirl, forcing and fuel conditions have been asssessed in the flow, flame and the pressure fields. A higher swirl number increased the size of the CRZ, and by extension, the flow recirculation intensity. The excitation of the flow field provided further means of altering its dynamics, as the flow structures varied in shape and position with different forcing conditions, due to the periodic oscillation of the mass flow rate. These parameters changed the conditions of the recirculation and mixing of the combustible mixtures. Nevertheless, the advantageous characteristics of CO2 in methane blends were able to control this heat release fluctuation thus significantly reducing the amplitude of the acoustic modes. With such low amplitude acoustic modes, growth of the acoustics to unstable can be kept stable and under control, particularly at concentrations of 15% CO2 (vol), suggesting that up to 15% CO2 could be potentially the best blend for running gas turbines under stable operation with moderate swirl numbers.
